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Introduction

46
Normal aging results in declines in some cognitive domains, such as episodic memory, but not others, 47 such as fund of knowledge (Cullum et al., 2000; Hedden & Gabrieli, 2004) . Cognitive decline with aging is 48 correlated with region specific changes in prefrontal cortex and medial temporal lobe (MTL), a key change being 49 hippocampal volume loss (Raz, 2000; Raz & Rodrigue, 2006) . These declines are accelerated in Alzheimer's 50 Disease (AD) (Mungas et al., 2002; Shi, Liu, Zhou, Yu, & Jiang, 2009 ). Older adults with mild cognitive 51 impairment (MCI) develop AD at a rate of 10-30% annually, depending on MCI subtype, whereas those without 52 MCI develop dementia at a rate of only 1% to 2% annually ( 
56
The stress hormone cortisol has been linked to memory performance, AD, and hippocampal volume 57 (Lupien et al., 1998; Newcomer et al., 1999 . That study, however, did not measure diurnal cortisol or biological sex, both factors which may 63 contribute to the findings. Although previous studies have identified sex differences in cortisol levels in response 64 to stress (Kirschbaum, Wüst, & Hellhammer, 1992 ; Kudielka & Kirschbaum, 2005) , few studies to date have 85 men (Sohn et al., 2018) . The differences in verbal learning and delayed recall, as well as visual learning and 86 memory, between healthy and MCI women were significantly greater than between healthy and MCI men (Gale 87 et al., 2016). These differences persisted in those with AD (Gale et al., 2016) . Thus, sex differences in severity 88 and progression to AD are seen in individuals with MCI and identifying the biological causes of this 89 phenomenon is critical to treatment and prevention.
90
Gonadal production of sex steroids is reduced, but not entirely eliminated, with age in women and, to a 91 lesser extent, men; however, adrenal cortisol production increases with age (Laughlin & Barrett-Connor, 2000;  92 Yen & Laughlin, 1998) . Intriguingly, in addition to producing the stress hormone cortisol, the adrenal glands are 93 also capable of producing androgens, which can be converted to estrogens in many tissues, including in the 94 brain. While both sexes show increased cortisol levels with increased age, this effect is 3 times more pronounced 95 in women (Otte et al., 2005) and increased cortisol levels are linked to poorer cognition and smaller hippocampal 96 volume in older age (Lupien et al., 1998) . Furthermore, women with AD present with more affective symptoms, 97 increased hippocampal atrophy, and faster cognitive decline than men (Holland, Desikan Cortisol and memory in aMCI 5 the underlying pathophysiology of AD may be different in men and women and should be further explored. 100 Although sex differences in AD have been identified, studies are scarce and even more so in MCI groups.
101
In this study we explored the relationship between diurnal fluctuations in cortisol, stress-induced 102 cortisol, and memory performance in aMCI and control participants. A spatial working memory task known to 103 be reliant on the integrity of the prefrontal cortex (Courtney, Petit, Maisog, Ungerleider, & Haxby, 1998) and an 104 episodic and associative memory task known to be reliant on hippocampal integrity (Eichenbaum, 2017) were 105 selected based on the known affinity of cortisol for these brain regions (Dedovic, Duchesne, Andrews, Engert, & 106 Pruessner, 2009 ) and the potential of fluctuations in cortisol to influence cognitive efficiencies (Lupien, 107 McEwen, Gunnar, & Heim, 2009 ). Because little is known as to whether there are sex differences in the 108 relationship between aMCI and cortisol, we also used exploratory analyses of sex effects in the present study.
109
We hypothesized that diurnal increases in cortisol release and increased release under stress, via the application 110 of a psychosocial stressor (Trier Social Stress Test) ( 
177
Although aMCI participants were significantly poorer than matched controls on these latter two measures, only 178 performance on the immediate recall of the complex figure was below expectations based on normative data for 179 age and education. The psychosocial stressor was applied during the second test session and is described 180 subsequent to the memory tasks of interest. question "Did I tell you this was [NAME]?" when the face appeared on the screen. Participants were instructed 202 to say "yes" only to faces they had seen before that were paired with the correct name and "no" to faces they had 203 not seen before, faces that were paired with the wrong name, or names they had not heard before. Immediately Cortisol and memory in aMCI 10 immediately administered, with a third trial administered following a 30-minute delay. The second trial 225 permitted examination of immediate memory for the discovered locations and the third trial, after a delay, 226 permitted examination of maintenance or continued savings on participants' efficiencies in reaching criterion.
227
Locations of the coloured squares was constant within session but changed between sessions 1 and 2. 228 2.2.4. Psychosocial stressor. The psychosocial stressor used in this study was modeled after the TSST 229 (Kirschbaum et al., 1993) . The stressor was introduced immediately following the first saliva collection at 230 10:10h. Participants were instructed to prepare a five-minute speech on the topic of 'The effect of tuna fishing on 231 the dolphins and other ocean animals' to be presented to a panel of three evaluators, including the examiner.
232
They were given a pencil and paper and told to write down the points they would like to make in their speech for 233 which they would have 10-minutes to prepare. The examiner then left the room and returned 10 minutes later, 234 collected a saliva sample from the participant (anticipation period), and then led the participant to a conference 235 room to give their speech. Participants were instructed to leave their written notes behind, to give their speech 236 from memory, and to try and speak for five minutes, which was timed by the examiner. Immediately following 237 the public speech, participants engaged in a five-minute serial subtraction task in which they were asked to count 238 backwards aloud by 13 from the number 1022 as quickly and accurately as possible in front of the panel of 239 evaluators. When an error was committed the participant was instructed to begin again from the number 1022.
240
Following the subtraction task, participants were led back to the test room to undertake further memory testing 241 and to provide additional saliva samples.
242
Cortisol and memory in aMCI 2). Post hoc analyses revealed that awakening cortisol was higher than 09:00h cortisol among controls, both of 274 which were higher than all other time points; there were no differences between the evening samples. Among 275 male aMCI participants, the diurnal pattern of salivary cortisol was different with no significant difference 276 between awakening and 09:00h (p=0.82), and significant differences between control and aMCI participants at 277 the 09:00h timepoint only. Furthermore, at the 09:00h time point, male aMCI participants had higher cortisol 278 than controls (p=0.007; Cohen's d=0.428) but no other differences between controls and aMCI participants were 279 evident at any other timepoint (all p's >0.4 for males; p>0.6 for females). These findings indicate that aMCI is 280 associated with higher morning cortisol levels than in controls in males. Unfortunately, very few women in the 281 aMCI group completed all of the samples for saliva collection (n=2). However, it is clear that these effects are 282 driven by the aMCI men, as observed in Figure 2 and in a subsequent analysis with sex as a factor. In that 283 analysis, men with aMCI had significantly higher levels of cortisol at 09:00h compared to controls (p=0.007) 284 with no significant differences observed between women with or without aMCI across any time point: ps>0.69.
285
There were no significant differences between groups in time of awakening.
286
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We also calculated average cortisol area under the curve (AUC) ( Figure 3 ).
316
We also examined the TSST cortisol levels as AUC and found that females had lower levels of cortiso Cortisol and memory in aMCI 3.3. TSST was endorsed as anxiety provoking by females more than males with aMCI 332 Both sexes in the control group endorsed the TSST as anxiety provoking, with 57% of participants 333 indicating that the TSST was anxiety provoking. However, among aMCI participants 80% of females but only 334 11% of males indicated the TSST was anxiety provoking (χ 2 =6.169, p=0.013). Of those participants who rated 335 the TSST as anxiety provoking there was no significant difference in the rating of the anxiety level (ps>0.29). Figure 5A ). Cortisol and memory in aMCI 17 sessions (p=0.0004 and 0.0009, respectively; Figure 5B ). There was a positive correlation between retention on the HVLT-R and cortisol levels in session 1 in the 397 controls (r=0.59, p=0.025) but not in participants with aMCI (r=-0.18, p=0.53; see Figure 6 ). These correlations 
413
Cortisol levels were significantly higher in individuals with aMCI, an effect that was seen predominately 414 in males and in morning samples. aMCI participants showed a different pattern of morning cortisol release than 415 controls, with a higher and prolonged elevation at 9AM, an effect that was driven primarily by the males. Indeed, 416 controls showed a significant decrease in cortisol from thirty minutes after awakening to 09:00h, while the only 417 group to not show this decrease in cortisol were aMCI males. These results are partially consistent with previous 
430
Amnestic MCI males had higher salivary cortisol levels as shown in diurnal home measurements, as 431 well as at 10:00h in both of the sessions conducted in the laboratory. This finding is in partial contrast to a study 432 investigating morning salivary cortisol levels in MCI participants of amnestic, non-amnestic, and multidomain 433 type (Venero et al., 2013) . That study found that salivary cortisol levels upon awakening were significantly 434 higher in the non-amnestic and multidomain type but not in the amnestic type; however, in that study, partially 435 consistent with our own, the mean awakening cortisol level was higher in amnestic participants than in controls.
436
Although our study only included MCI of the amnestic type, we did find a significant increase in salivary 437 cortisol at multiple time points and over several days: 30 minutes after awakening, at 09:00h in samples 438 collected at home across three days, and at 10:00h in the two samples taken in the laboratory. In our study, these 439 increases were mainly found in male participants. However, given that the Venero study (in which 69% of 440 participants in the amnestic category were female) did not find any associations with diurnal cortisol and aMCI 441 compared to our study where the findings were stronger in males, the lack of consideration of sex by those 442 authors may have contributed to the inconsistences between the two studies (Venero et al., 2013) . Nevertheless,
443
it is compelling that, in both their study and our own, increased morning levels of salivary cortisol are associated 444 with MCI in general. While our sample size is much smaller than in the Venero study, we consistently observed 445 high morning cortisol levels across 5 different days and under different conditions (i.e. home and laboratory), suggesting a strong multiday effect. Our results suggest that further investigation into sex differences in diurnal In a number of our major findings, males with aMCI showed a stronger relationship with cortisol level 461 than did females with aMCI. This is intriguing and suggests that sex should be considered in future studies and 462 research on age-related cognitive impairment. This is of particular relevance considering that a number of studies 
466
Our findings of marked sex differences are congruent with previous studies demonstrating 467 epidemiological, symptomatic, and physiological differences between males and females with MCI. The 468 prevalence of MCI has been found to be greater in males than females, with aMCI as the most common type 469 (Petersen et al., 2010) . Furthermore, the incidence of MCI is greater in males than in females (Roberts et al., 
471
Although MCI is more prevalent in males, females exhibit faster deterioration in cognitive and functional 472 measures over time (Lin et al., 2015) . Sex differences are also evident in neurophysiological changes with cognitive impairment, as females experience accelerated brain atrophic rates (Hua et al., 2010) 
494
In our study, we found that aMCI females exhibited a negative correlation between immediate recall on 495 the HVLT-R and salivary cortisol during session 1. Furthermore, a positive correlation between stress-induced 496 cortisol and learning and learning slope on HVLT-R was observed in the females with aMCI. Neither males with 497 aMCI nor controls (either sex) displayed any significant correlations.
498
Finally, it is important to be aware that increased cortisol is not always associated with poorer memory 499 performance. A clear example of this is observed in our study: stress-induced increases in cortisol by the TSST 500 Cortisol and memory in aMCI 22
were followed by an improved immediate recall in the HVLT-R in controls but not in aMCI participants. This 501 again suggests that cortisol may play an adverse role in memory in aMCI but a positive role in healthy 502 participants, particularly in males. One can speculate that an exaggerated stress response in aMCI participants 503 increases cortisol to a detrimental level, whereas in controls the moderate increase in cortisol is enough to 504 enhance performance. Indeed, other research has found a positive association between cortisol and memory 505 (Vogel & Schwabe, 2016) . For example, physical exercise can be linked to improved cognition ( 
517
The present study shows clear effects of aMCI on diurnal and stress-effected cortisol levels, as well as 518 stress-induced impairments in spatial memory; however, these effects are driven primarily by males in our 519 sample, as they showed greater increases in cortisol and greater impairments when compared to same-sex 520 controls than females did. While our sex-based analyses are exploratory as a result of low sample size, sex 521 differences were observed in both cortisol levels and memory performance, with aMCI as a moderating factor. It 522 is critical that future studies explore sex as a biological variable in this area as we have presented evidence 523 herein that suggests that effects at the confluence of aMCI and stress can be obfuscated or otherwise eliminated 524 when males and females are grouped. For real understanding and advancement to take place in this field, 525 biological sex must be considered and statistically analyzed.
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Cortisol and memory in aMCI 23
Estimates of the prevalence of MCI in the elderly show high variability, ranging from ~3-42% (Ward,   527 Arrighi, Michels, & Cedarbaum, 2012), due to differences in study methodology (Sachdev et 
